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Abstract

Blood-brain barrier (BBB) disruption visualized in lesions by MRI is a major biomarker of
disease activity in multiple sclerosis (MS). However, in MS, destruction occurs to a variable extent
in lesions as well as in gray matter (GM) and in the normal appearing white matter (NAWM). A
method to quantify the BBB disruption in lesions as well as in non-lesion areas would be useful
for assessment of MS progression and treatments. The objective of this study was to quantify the
BBB transfer rate (Ki) in WM lesions, in the NAWM, and in the full-brain of MS patients.
Thirteen MS patients with active lesions and 10 healthy controls with age and gender matching
were recruited for full-brain and WM Ki studies. Dynamic contrast-enhanced MR1 (DCEMRI)
scans were conducted using T1 mapping with partial inversion recovery (TAPIR), a fast T1
mapping technique, following administration of a quarter-dose of the contrast agent Gadolinium-
DTPA (Gd-DTPA). The Patlak modeling technique was used to derive a voxel-based map of Ki. In
all patients contrast-enhanced lesions, quantified by Ki maps, were observed. Compared with
controls, patients with MS exhibited an increase in mean Ki of the full-brain (P-value<0.05) but no
significant difference in mean Ki of NAWM. The identified increase in full-brain Ki of MS
patients suggests a global vascular involvement associated with MS disease. The lack of observed
significant decrease in Ki in NAWM suggests lower involvement of WM vasculature than full-
brain vasculature in MS. Ki maps constructed from time series data acquired by DCEMRI provide
additional information about BBB that could be used for evaluation of vascular involvement in MS
and monitoring treatment effectiveness.
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1. Introduction

It has been shown that axonal injury, myelin destruction and vascular involvement occur in
multiple sclerosis (MS) to a variable extent in MR-visible lesions and beyond them
(Lassmann, 2011a, 2011b, 2011c). Brain atrophy (Bermel and Bakshi, 2006; Fisher et al.,
2008; Miller et al., 2002) and a global reduction of cerebral blood flow (CBF) (Coisne and
Engelhardt, 2011; D’Haeseleer et al., 2011; Nico and Ribatti, 2012) were reported in both
gray (GM) and white matter (WM) areas in patients with MS. Damage to the blood-brain
barrier (BBB) in patients with MS in areas corresponding to MR-visible lesions is frequently
seen as contrast-enhanced area on longitudinal relaxation time (T1)-weighted MRI (Brochet
et al., 2008; Filippi and Grossman, 2002; Filippi et al., 2011; Nessler et al., 2007). Although
the leakage of the contrast agent from the BBB in MS lesions was shown by dynamic
perfusion CT (Dankbaar et al., 2008, 2011; Hom et al., 2009; Schneider et al., 2010) and
dynamic contrast-enhanced MRI (DCEMRI) (Larsson et al., 1990; Miller et al., 2007;
Roberts et al., 2000; Silver et al., 1999, 2001; Soon et al., 2007a, 2007b), a global state of
quantified impairment of BBB transfer rate (Ki) in the normal appearing white matter
(NAWM) and in GM was not investigated. Recent technical advancements in MR imaging
make it possible to investigate the global state of Ki. We adopted DCEMRI with a quarter-
dose bolus of Gadolinium-diethylene triamine penta acetic acid (Gd-DTPA) and a fast T1
mapping sequence to acquire time series data about the health of BBB. Then we used the
Patlak graphical method to generate a quantitative map of Ki on a voxel-by-voxel basis
(Candelario-Jalil et al., 2011; Huisa et al., 2011; Taheri et al., 2011a, 2011b). We analyzed
Ki maps for global alteration of BBB health in MS brain tissues. In this study Quantitative
Ki maps were limited to six slices to reduce possible imaging artifacts and technical
difficulties. Ki maps revealed high-grade and low-grade transfer rates of Gd-DTPA across
the BBB in MS.

2. Materials and methods

2.1. Study participants

Thirteen relapsing/remitting MS (RRMS) patients from the University of New Mexico MS
clinic with active lesions were entered into the study (mean £ SD age: 37 + 11 [range 20-57]
years). Ten patients were being treated with MS disease-modifying drugs that affected the
BBB: seven were taking glatiramer acetate and/or interferon, two were on interferon alone,
and one was on daclizumab. Three patients were not under any drug treatment (Table 1). Ten
healthy age-matched controls (mean + SD age: 38.8 + 15 [range 22—62] years) free of
current or previous neurological conditions, with normal neurological exams, and normal
brain MRIs were recruited. All subjects underwent similar assessments consisting of
physical and neurological examinations and had normal kidney function for contrast agent
clearance. The study was approved by the institutional review board, and all participants
signed informed consent.

2.2. Magnetic resonance data acquisition protocols

The MRI investigation was performed using a 1.5-Tesla Siemens whole-body clinical
scanner with a standard eight channel array head coil (Siemens AG, Erlangen, Germany).
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There were two separate sessions of MR imaging. The first session was done with a full
dose of Gd-DTPA (0.1 mmol/kg) as part of planned images required for clinical
management and clinical trial protocols. Patients with active lesions were referred for the
second imaging session. The second imaging session was conducted within 6 months of the
first imaging with Gd-DTPA. To minimize the effect of dynamic nature of MS lesions on
data analysis results, data that acquired in temporally close sessions were used for
comparison and representations. For the second session, the MR imaging protocol consisted
of three anatomical (T2-weighted, T1-weighted, and T2 fluid attenuated inversion recovery
[T2 FLAIR]) and dynamic contrast-enhanced scans. For dynamic imaging data acquisition,
the first T1 map was acquired pre-injection, and the rest were acquired post-injection of
contrast agent. T2-weighted images were acquired with the turbo spin echo TSE technique
(whole brain, axial orientation, TR/TE = 9040/64, number of averages = 1, slice thickness =
1.5 mm, FOV = 220 mm x 220 mm, matrix size = 192 x 192), and T1-weighted (T1w)
images were acquired with the MPRAGE technique (whole brain, axial orientation,
TR/TE/TI = 2400 ms/3.54 ms/1000 ms, flip angle = 8 degree, number of averages = 1, slice
thickness = 1.2 mm, FOV = 220 mm x 220 mm, matrix size = 192 x 192). FLAIR images
were acquired with the TIRM technique (whole brain, axial orientation, TR/TE/TI =
6000/358/2100 ms, number of averages = 2, slice thickness = 1.5 mm, FOV = 220 mm,
matrix size = 192 x 192).

In DCEMRI, T1 was quantified with the T1 mapping with partial inversion recovery
(TAPIR) sequence (Shah et al., 2001, 2003; Steinhoff et al., 2001; Zaitsev et al., 2003) using
the following parameters: TR = 15 ms; banded readout scheme with three echoes at
TELTE2:TE3 = 2.8:5.1:7.4 ms; a = 25°, FOV =220 mm x 220 mm, slice thickness = 5.0
mm, slice gap = 5.0 mm; interleaved, number of slices = 6, number of averages = 1, Matrix
size = 128 x 128, receiver bandwidth = 50 kHz; 20 time-points sampled on the relaxation
curve; Tl = 30 ms and preparation delay © = 2 s. For this study, six slices above the
ventricles were acquired as a compromise to shorten the time of study while minimizing the
imaging artifacts. Imperfections due to the non-perfect inversion of the magnetization in
TAPIR were corrected as required for an unbiased determination of T1 (Shah et al., 2003;
Steinhoff et al., 2001; Zaitsev et al., 2003).

A quarter-dose (0.025 mmol/kg) of low molecular weight Gd-DTPA (MW = 938 Da; Bayer
Healthcare) was used as contrast agent to perform DCEMRI (Taheri et al., 20113, 2011b);
this was done to provide an adequate washout curve for the DCEMRI study and brought the
added benefit of reducing potential side effects of Gd-DTPA for patient safety. After
acquiring the first T1 map, Gd-DTPA was infused within 5 s with an automatic power
injector (Medrad Spectris Solaris® MR injection system) as a rapid intravenous bolus.

2.3. Data analysis methods

All the data processing, including image processing, transfer rate calculations, and volume
analysis, was performed with custom software written in MATLAB (Mathworks, Natick,
MA\) and implemented on a PC running Ubuntu Linux 10.04. A series of tissue T1
relaxation images acquired by TAPIR were aligned and de-noised for calculation of transfer
rates as described in recent publications (Taheri et al., 2011a, 2011b). The rate of transfer of
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Gd-DTPA from the vascular compartment into the tissue compartment, Ki, was calculated
by employing a set of ordinary differential equations first proposed by Patlak (Patlak and
Blasberg, 1985) and used by others (Essig et al., 2006; Ewing et al., 2003; Sood et al., 2007;
Taheri and Sood, 2006). A statistical method was used to determine the distribution of values
of Ki of all voxels in WM area of controls to establish a threshold of 3 x 104 ml/g-min
based on the 95% confidence interval (Taheri et al., 2011b). We used this value for
statistically classifying the higher values of Ki in WM of MS patients. The Ki values then
were color-coded to map quantitatively the abnormal Ki.

We conducted a volumetric analysis to investigate for correlations between T2-weighted
WM lesion volume (WMLV) and WM active lesion volume (WMALV) corresponding to the
area with high Ki.

The WM volume was manually segmented and removed from the rest of the brain volume
using the contrast difference in T2FLAIR images by a trained expert. WM masks were
generated and used to strip out the rest of brain from WM and conduct analysis of Ki in
WM. WMLV were calculated by manually drawing the volume of interest (VOI) around the
area of hyperintensity on T2 FLAIR images by experts, and abnormal volumes were
calculated as the sum of hyperintense voxels in VOI. A unified threshold for difference in
intensity level was used to identify hyperintensity in images. This volume then removed
from the WM volume to generate NAWM volume.

The volume of abnormal WM calculated from the Ki maps masked with FLAIR WM mask
(volumes with higher transfer rate than the average of transfer rate of WM) were summed
and averaged. Also to compare the state of BBB in MS with controls (without considering
any threshold for abnormal Ki), the average of Ki was calculated for all voxels of the volume
of the brain considered in the volume of data acquisition (covered by six slices 6 x 5 mm =
30 mm). Slices were carefully positioned to cover the maximum number of lesions and
preferably be located above the ventricular area to reduce possible imaging artifacts and
technical difficulties.

2.4, Statistical analysis

3. Results

The BBB transfer rate data was analyzed statistically within the R statistical computing
environment (R Development Core Team, 2008). The distribution of data were analyzed
(Everitt and Hothorn, 2009) for inter-subject variability using the distribution finder in the R
environment. Other statistical comparisons between data sets have been made based on the
representation of mean £ SEM of data. T-test (parametric data) and Mann-Whitney test
(non-parametric data) were used to detect statistical significance between data sets. For these
tests, a significance level of P-value < 0.05 was adopted.

3.1. MR-visible enhancing lesions

In all MS patients, WM lesions and contrast-enhanced lesions were detected respectively by
T2 FLAIR and DCEMRI images. Hyperintensity in contrast-enhanced T1w images were
corresponded to the hyperintensity of FLAIR images. In all patients with MS, from one to
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several foci of FLAIR hyperintensity within WM areas were observed. Representative axial
slices from three different MR modalities acquired from a 32-year-old patient with RRMS
are shown in (Fig. 1), revealing a single enhancing lesion confined to the WM. In this figure,
the top row shows a hyperintense area in axial contrast-enhanced T1w images acquired after
the injection of a full dose of Gd-DTPA, the middle row shows axial T2 FLAIR images with
hyperintense area in WM, and the bottom row shows parametric images representing the
abnormal color-coded Ki in the same locations. The comparison between the second and
third rows shows that the elevated Ki highlighted by BBB transfer rate maps, corresponds to
a higher portion of the abnormal area which was highlighted by contrast-enhanced T1w
images. In this case, areas with higher values of Ki are limited to the T2 FLAIR detected
lesion areas, and the Ki map represents a range of values for leakage of BBB in the lesion
volume between 3 and 13 x 1074 ml/g-min. Similar to this case, in the rest of patients we
have observed variability in values of the Ki. The abnormal Ki in Fig. 1 shows that the area
with higher leakage is located in the center of the lesion volume. However, we did not
observe a similar pattern of variability in BBB leakage in the rest of the cohort.

Averaged full-brain Ki in patients with MS and controls represented in Fig. 2. The
distribution of average Ki for the age of controls and patients with MS are shown separately
in two panels of this figure. There was a significant correlation between the age and mean Ki
of full-brain of controls (p-value < 0.001, /2 = 0.5462). However, we did not observe a
significant correlation between age and mean Ki of full-brain of patients with MS (/2 =
0.030) (right panel of Fig. 2).

3.2. BBB impairment in the full-brain, WM and GM

We found a significant difference between the average of Ki in the full-brain of MS patients
(both under treatment and treatment-naive) compared with those of controls. The mean Ki
for controls was 1.3 x 104 ml/g-min while the mean Ki of MS patients was 4.1 x 10™4 ml/g-
min significantly different with p-value < 0.05 (Fig. 3). Compared with the threshold value
calculated for the 95% normal Ki in WM, both average values of WM and normal appearing
white matter (NAWM) of MS were in the normal range. The interesting observation is that
the mean of Ki in WM of controls was lower than the calculated mean Ki for the whole
brain. In this group of patients though the mean full-brain Ki was higher than the mean Ki of
full-brain of controls, we observed that also mean Ki of NAWM < mean Ki of full-brain. A
statistical comparison between the mean Ki in WM and the mean Ki of full-brain is shown
in Fig. 3. We did not find statistically significant differences in the mean Ki of WM of either
treated or treatment-naive MS compared with the WM of controls (p-value < 0.2) and we did
not find significant difference with NAWM.

3.3. Comparison between WMLV and WMALV

Estimated WMLV from FLAIR were compared with WMALV. Increases in lesion volumes
calculated by FLAIR did correlate with increased lesion activity measured with Ki map (o
value < 0.001, and /2 = 0.37) (Fig. 4). As it is common in MS, WMALYV were lower than
WMLV calculated by FLAIR images. A higher volume of WMLV did not reflect a higher
volume of lesion activity. However, for patients with higher volumes of active lesions,
WMLV could be as high as WMALV.
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3.4. Comparison between Gad-enhanced and BBB transfer rate maps

We found that, in seven patients, Ki map highlights a larger volume than Gad-enhanced T1w
imaging by comparing Gad-enhanced volume of Gad-enhanced T1 images and abnormal
volume of Ki map. We noted that a large portion of the enhancement area in Ki maps were
subtle enhancements, which are harder to detect in contrast-enhanced T1w images. As an
Illustration, three images acquired by three different MR modalities from a slice of brain of a
patient with MS lesions are shown (Fig. 5). The improvement in the detection of BBB
leakage can be seen by comparing the contrast-enhanced T1w images (Fig. 5A) with the T2
FLAIR image (Fig. 5B), and the map of Ki reconstructed from DCEMRI images acquired
from the same anatomical level (Fig. 5C). In these images, an arrow is pointing to an area
that was not enhanced by full-dose standard Gad-enhanced MRI, while hyper-intensity is
demonstrated by FLAIR image in the same location. However, the Ki map corresponding to
the same area shows an increased BBB transfer rate above the normal threshold.

4. Discussion

In this study, we have combined an MR data acquisition protocol with a reduced dose of Gd-
DTPA (Ewing et al., 2003; Fenstermacher et al., 2003; Nagaraja et al., 2010; Taheri et al.,
2009, 2011b) to study the BBB transfer rates in MS patients using a 24-minute scan. With
the application of this quantitative voxel-wise method in both controls and MS, a continuous
distribution for Ki values was observed. In most cases, area with the higher Ki corresponded
to areas with both T2 hyperintensity and Gad enhancement on standard post-gadolinium
T1w images; however, our protocol identified a larger area than visualized with standard
Gad-enhanced imaging. A statistically established confidence interval for normal Ki in WM
(Ki < 3 x 107 ml/g-min) (Taheri et al., 2011a, 2011b) was used to investigate the state of Ki
in WM lesions, in the NAWM, and in full-brain. We have observed different degrees of
impairment in the BBB health in the NAWM and in WM lesion, however, the conclusion
was drawn based on the significance of statistics of group data. The mean Ki for WM MS
was 1.33 x 1074 ml/g-min while the mean Ki of NAWM MS was 1.30 x 10~4 ml/g-min,
however we did not find a significant difference between Ki of NAWM and Ki of WM MS.
Variation in Ki may reflect transient states of the disease. To fully understand the dynamics
and progression of BBB in MS lesions over time, further longitudinal studies on a larger
data set are required.

Voxel-wise WM brain volume was assessed for BBB abnormality in full-brain. We have
found that MS patients (under treatment with disease-modifying drugs and treatment-naive)
have an increased average Ki in the volume of interest when compared to controls. No
significant differences between Ki in WM areas of MS and controls were observed when we
masked WM from the rest of the brain tissue in the volume of interest. By removing FLAIR-
identified lesion area form the brain we did not observe a significant change in the average
Ki of brain (Fig. 4 Supplement). These findings lead us to conclude that a higher mean of Ki
in full-brain may be related to the altered Ki in areas beyond the WM and lesions, such as in
deep and cortical GM; alternatively, it may be related to changes in the cerebrospinal fluid
(CSF) route of transfer from blood to brain. With these observations, we can not speculate
that BBB and blood—CSF barrier are both involved in MS. More studies needed to specify
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which routes are more impaired or if the impairment of CSF generation because of age is
involved. We have investigated the effect of age on the Ki alterations in this group of MS
and controls by using a linear modeling technique. A statistically significant correlation was
not found between the ages of subjects and the average of Ki in MS though it was significant
in controls.

Recent observations suggest that GM is involved in an inflammatory demyelination process
in early MS (Inglese et al., 2011; Khaleeli et al., 2008; Lucchinetti et al., 2011). However, no
evidence was observed to confirm the change in tight junctions within the BBB in the GM of
patients with MS (van Horssen et al., 2007). Also, the progression of GM atrophy is shown
to be more prominent (Horakova et al., 2008) compared to WM atrophy in patients with MS
(Bermel and Bakshi, 2006; Miller et al., 2002). These findings could be connected to the
observed increased Ki in full-brain when WM is masked. MS disease-modifying drugs (The
Multiple Sclerosis Collaborative Research Group (MSCRG), 1996; Kappos et al., 2010;
Polman et al., 2006) affect the BBB transfer rate to a variable extent because of differences
in the characteristics of inflammatory infiltrates among anatomical areas of brain. Cytokines
such as TNF-a and transforming growth factor-beta (TGF-) affect tight junction protein
expression and transfer rates of both brain barriers: BBB and blood—CSF barrier (Killestein
et al., 2001; Lundbye-Christensen et al., 2009; Zhou et al., 2010). However, the extent and
effects of MS drugs on brain barriers in the full-brain and in cortical GM are not fully
understood. In this study, because of technical difficulties such as large slice thickness and
partial volume affects from CSF, our data do not directly elaborate on impairment of BBB in
the cortical GM. More studies with MR techniques sensitive to cortical GM BBB are
needed.

5. Conclusions

In conclusion, our results show two novel findings based on the quantitative measurement of
BBB in MS patients: (1) the volume of Gad leakage is greater with a DCEMRI sensitive to
slow leakage than conventional Gad-enhanced T1w imaging, and (2) MS patients appear to
have a higher full-brain BBB transfer rate than normal controls. This increase of BBB
transfer rate could be the result of the MS disease process, but a specific explanation is not
apparent. Moreover, we have demonstrated a more detailed pattern of WM lesions relying on
BBB data in the MS by using a DCEMRI method sensitive for the slow but abnormal
transfer in MS. By considering the dynamic nature of BBB permeability in MS, more data
with temporally close imaging sessions is needed to accurately measure the increased
sensitivity of DCEMRI compared to regular Gad-enhanced imaging.

Quantification of BBB transfer rate could also benefit drug discovery by providing a more
accurate assessment for measuring drug effects on the inflammatory process of MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative images acquired from three different MR modalities in axial section showing

an enhanced lesion in a 32-year-old patient with MS. Top row shows a series of T1 images
acquired after 1V injection of 0.1 mmol/Kg of Gd-DTPA. Hyperintense areas in figures of
the top row represent the areas of an enhanced lesion. Middle row shows T2 FLAIR images
in which hyperintense areas highlight abnormalities in WM. Bottom row shows BBB
transfer rate maps for WM. These maps were overlaid on anatomical image for a better
representation of leakage location. Color-coded BBB transfer rate map shows transfer rate
values on a voxel-by-voxel basis. These images were acquired in temporally close sessions
to minimize the effect of dynamic nature of lesions in MS. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2.

A\?eraged full-brain BBB transfer rate in MS and controls (calculated for the
supraventricular area of brain). Left panel shows the distribution of average BBB transfer
rate for the age of controls. There was a significant correlation between the age and BBB
transfer rate in controls (p-value < 0.001, A2 = 0.5462). In the right panel, the distribution of
full-brain BBB transfer rate in patients with MS is shown where no significant correlation
between age and BBB transfer rate were observed (A2 = 0.030). Mean of BBB transfer rate
for controls was 1.3 x 10~ ml/g-min while the mean of BBB transfer rates of MS patients
was 4.1 x 1074, We found a statistically significant difference between these two means,
with a p-value < 0.05.
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Average blood-to-brain transfer rate
calculated for supraventricular volume of brain
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Comparison between averaged BBB transfer rate in WM and full-brain of controls and MS
patients. There was statistically significant difference between blood-to-brain transfer rates

in WM of MS and WM of control subjects (p-value < 0.05); however, there was no

statistically significant difference between WM BBB transfer rate of MS patients compared
to the controls (mean WM controls was 0.93 x 10~ ml/g-min while mean WM of MS was
1.32 x 10~ ml/g-min). There was no significant difference between NAWM and WM of MS

and WM of controls.
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Comparison of active and FLAIR-visible WM lesion volume
calculated for supraventricular volume of brain
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Relationship between FLAIR-visible lesion volume and active lesion volume calculated
from BBB transfer rate maps. These two calculated abnormal volumes were compared for
possible correlations. A linear function is fitted to the data, a weak correlation was found
between these two lesion volumes (p-value < 0.001, A2 = 0.37).
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Fig. 5.
Comparison between the quantitative BBB transfer rate map acquired by DCEMRI and

qualitative Gad-enhanced images for detection of WM abnormalities in MS. Image A is a
Gad-enhanced T1 image acquired with a bolus injection of full dose of Gd-DTPA. Image B
isa T2 FLAIR image, and image C is a parametric image, mapping the BBB transfer rate. In
these images, arrows indicate the corresponding area of a FLAIR-visible lesion. The area is
not highlighted in Gad-enhanced image. However, this area is color-coded as one with
elevated BBB transfer rate. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Clinical details of cases used in this study.

Table 1

Caseno. Sex/age Diseasecourse Drug Number of MR-visible WM lesions (FLAIR)
MS01 M/32 RRMS GA 1
MS02 M/32 RRMS GA 18
MS03 M/38 RRMS GA 55
MS04 F/52 RRMS GA 22
MS05 F/29 RRMS GA 21
MS06 F/26 RRMS GA 17
MSO07 F/33 RRMS NoMSD 51
MS08 F/20 RRMS IFNB 53
MS09 F/41 RRMS IFNB 36
MS10 M/38 RRMS DAC 27
MS11 F/57 RRMS NoMSD 10
MS12 M/52 RRMS NoMSD 16
MS13 M/33 RRMS GA 5
CO01 F/22 NA NA NA
C002 F/62 NA NA NA
CO03 F/35 NA NA NA
CO04 M/39 NA NA NA
CO05 F/31 NA NA NA
CO06 F/38 NA NA NA
CO07 Fl1a7 NA NA NA
CO08 M/54 NA NA NA
CO09 Fr24 NA NA NA
CO10 M/22 NA NA NA

Page 17

CO = control; MS = multiple sclerosis; NA = not applicable; RRMS = relapsing remitting MS; GA = Glatiramer Acetate; Interferon-Bla = IFNB;

Daclizumab =

DAC.
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